The catalytic performances of noble metals (Pt, Rh, Pd, Ru) supported on mesoporous silica MCM-41 were investigated for the hydrodesulfurization (HDS) of benzothiophene (BT). The order of HDS activities of noble metal/MCM-41 catalysts was Pt＞Rh＞Pd≫Ru. Pt/MCM-41 catalyst showed high HDS activity, which was higher than that of commercial CoMo/Al2O3 catalyst. The supported noble metal catalysts were characterized by TEM, XRD, hydrogen adsorption and benzene hydrogenation. The order of dispersion of noble metal on MCM-41 was Rh＞Pt＞Pd＞Ru, which was not the same as that of HDS activities. On the other hand, the order of the activities of noble metal/MCM-41 catalysts for benzene hydrogenation was Pt＞Rh＞Pd＞Ru. The hydrogenation activity of Pt/MCM-41 catalyst was regenerated after H2S treatment, but the activities of other cat alysts were not regenerated. Thus, high hydrogenation activity and sulfur tolerance are important factors to pre pare highly active noble metal/MCM-41 catalysts. Pt/MCM-41 catalyst showed remarkably high and stable ac tivity for the HDS of BT, but Pt/SiO2 catalyst, with similar Pt dispersion on MCM-41, showed low activity which decreased with time on stream. Since MCM-41 showed higher acidity than SiO2, hydrogenation activity and sul fur tolerance of Pt/MCM-41 catalyst were higher than those of Pt/SiO2 catalyst. The results of FT-IR analysis indicated that the strength of interaction between BT and MCM-41 was stronger than that of SiO2, suggesting that both acid sites of MCM-41 and Pt particles in the Pt/MCM-41 catalyst act as active sites for the HDS of BT. Furthermore, FT-IR spectra of BT adsorbed on Pt/MCM-41 revealed that BT interacts with the silanol group on the MCM-41 surface rather than the Pt surface. Therefore, we concluded that the high HDS activity of Pt/ MCM-41 catalyst could be attributed to the high hydrogenation activity of Pt and the acidity of the support.
Introduction
tant in the formation of PM, reduction of aromatic com pounds in diesel fuel is required. Noble metal cata-Hydrodesulfurization (HDS) is one of the most im-lysts have high HDS and hydrogenation activities to portant processes in the petroleum industry for the pro-produce sulfur-free diesel fuel containing fewer aromatic duction of clean fuel 1), 2) . CoMo/Al2O3 catalyst is compounds. Therefore, noble metal catalysts have widely used in the HDS process. But the recent devel-drawn much attention as a new HDS catalyst 7)～11) . opment of HDS catalysts, with higher activity than
Recently, mesoporous silicates such as FSM-16, commercial CoMo/Al2O3 HDS catalyst, have been MCM-41 and SBA-15, which have larger pore diame claimed in the petroleum industry, and are considered ters and higher surface areas than zeolites, have been to reduce the problem of acid rain affecting the global attracting much attention as new materials for catalysts environment 3)～5) . Fuel consumption and carbon diox-and catalyst supports. Some researchers have attempted ide (CO2) emissions of diesel vehicles are superior to to develop new HDS catalysts based on mesoporous those of gasoline vehicles 6) . However, emissions of materials 12)～15) . Previously, we reported that noble nitrogen oxides (NOx) and particulate matter (PM) from metals, especially platinum, supported on mesoporous diesel engines exceed those from gasoline engines. silicates, such as FSM-16 16) , MCM-41 17)～19) and Since the aromatic compounds in diesel fuel are impor-SBA-15 20) , 21) , showed high activities in the HDS of thiophene (TP). However, diesel fuel contains benzo ＊ To whom correspondence should be addressed.
thiophenes and dibenzothiophenes, which are larger ＊ E-mail: kanda@mmm.muroran-it.ac.jp molecules than TP.
The present study examined the catalytic activities of various noble metals supported on mesoporous silica MCM-41 for the HDS of benzothiophene (BT) in order t o d e v e l o p h i g h l y a c t i v e n e w H D S c a t a l y s t s . Furthermore, we compared the HDS activity and prop erties of Pt/MCM-41 with those of Pt/amorphous silica (SiO2) to obtain information about the active sites of Pt/ MCM-41 catalyst for the HDS reaction.
Experimental

1. Preparation of Catalysts
Siliceous MCM-41 was prepared using Ludox co lloidal silica (Du Pont Co.) and surfactants such as CH3(CH2)11N(CH3)3Br (Aldrich), (CH3CH2CH2)4NBr (Aldrich) and 25 wt％ C16H33N(CH3)3Cl (Aldrich) in aqueous solution. The product was washed with water and dried at 120℃. The templates were removed by calcination in air at 540℃ for 10 h. Mesoporous silica MCM-41 with BET surface area of 1057 m 2 /g and BJH pore diameter of 3.1 nm was used. Amorphous silica (SiO2, JRC-SIO-1) was supplied by the Catalysis Society of Japan, with BET surface area of 111 m 2 /g and BJH pore diameter of 18.2 nm. Supported noble metal catalysts were prepared by the impregnation method using noble metal chlorides (Kanto Chemical Co., Inc.) such as H2PtCl6･6H2O, PdCl2, RhCl3･3H2O and RuCl3･3H2O in aqueous solutions, to a metal load ing of 5 wt％. However, PdCl2 was dissolved in 1.0 mol/l HCl aqueous solution because PdCl2 does not dissolve completely in water. The Pt/MCM-41 cata lyst was prepared using various Pt precursors such as H2PtCl6･H2O, (NH4)2PtCl6 and K2PtCl6 aqueous solu tions to evaluate the effect of Pt precursor on the HDS activity of Pt/MCM-41 catalyst. Pt/SiO2 catalyst was prepared using H2PtCl6･H2O aqueous solution. Supported noble metal catalysts were calcined at 500℃ for 4 h in air and were reduced at 450℃ for 1 h prior to the reaction.
Hydrodesulfurization of Benzothiophene
Hydrodesulfurization of benzothiophene over noble metal/MCM-41 catalyst was carried out at 350℃ under 0.1 MPa using a conventional fixed-bed flow reactor. Benzothiophene was dissolved in n-decane and this solution (5 mol％ BT) was introduced into the reactor using a microfeeder. Reaction products and BT were analyzed by gas chromatography (Hitachi 263-30, FID) with a silicone DC-550 column (2 m, 190℃) . The reaction conditions were catalyst weight＝0.1 g and W/F＝218 g・h/mol. The rate constant as a pseudo first order reaction was calculated from the following equation.
In which, kHDS is the reaction rate of BT HDS (mol/ h･g), and x is conversion at 10 h (％).
3. Hydrogenation of Benzene
Hydrogenation of benzene over noble metal/ MCM-41 catalyst was carried out at 300℃ under 0.1 MPa using a conventional fixed-bed flow reactor. Benzene was introduced into the reactor using a hydro gen stream (30 ml/min) passed through a saturator con taining liquid benzene at 0℃. Reaction products and benzene were analyzed by gas chromatography (Hitachi G-3000, FID) with a TC-1 capillary column (60 m, 35℃). The reaction conditions were catalyst weight＝ 0.05 g and W/F＝18.0 g･h/mol.
4. Characterization of Catalysts
Supported noble metal catalysts were characterized by transmission electron microscopy (TEM), X-ray dif fraction (XRD) and hydrogen adsorption. TEM obser vation used a JEOL JEM-2000FX with acceleration voltage 200 kV and magnification ×120000. XRD analysis of the supported noble metal catalysts was car ried out using a Rigaku diffractometer with CuKα radi ation. Dispersion and particle diameter of the noble metal on MCM-41 and SiO2 were measured by the hydrogen adsorption method using a Pyrex glass vacuum system at 25℃. Supported noble metal catalyst was evacuated at 500℃ for 1 h followed by reduction with hydrogen (26.7 kPa) at 450℃ for 1 h and evacuation at the same temperature for 1 h before hydrogen adsorp tion. The acidities of MCM-41 and SiO2 were evalu ated by 2-propanol (2-PA) dehydration using a pulse re actor with helium carrier gas. Catalysts (0.03 g) were charged into the reactor and were pretreated at 500℃ for 1 h before the reaction. 2-PA (2 μl) was introduced into the reactor using a microsyringe. The reaction products of 2-PA dehydration were separated using a PEG-1000 column (2 m, 80℃). However, the re action products of 2-PA dehydration were trapped by liquid nitrogen and were flashed by boiling water before separation. After separation, the reactant and products were analyzed by thermal conductivity detector (TCD). FT-IR spectroscopy of BT adsorbed on MCM-41 and SiO2 was performed using a Jasco FT-IR spectrometer. The FT-IR spectra were recorded with 200 scans and 2 cm -1 resolution. The supports were pressed into wa fers and were evacuated at 500℃ for 2 h prior to meas urement. Pt/MCM-41 was evacuated at 500℃ for 2 h followed by reduction with hydrogen (26.7 kPa) at 450℃ for 1 h. Furthermore, reduced Pt/MCM-41 was evacuated at the same temperature for 1 h before meas urement.
Results and Discussion
1. Catalytic Activities of Noble Metals Supported on MCM-41 for HDS of BT
The catalytic activities of noble metals (Pt, Rh, Pd, Ru) supported on MCM-41 for HDS of BT were exam ined at 350℃. The catalytic activities of noble metal/ MCM-41 depended greatly on the noble metal as shown in Fig. 1 . The HDS activity for BT of Rh/MCM-41 catalyst was the same as that of commercial presulfided CoMo/Al2O3 HDS catalyst, whereas Pt/MCM-41 cata lyst showed higher and stable activity. The order of the activities of these catalysts for the HDS of BT was as follows: Pt/MCM-41＞Rh/MCM-41＞Pd/MCM-41≫ Ru/MCM-41. HDS of BT over Pt/MCM-41 catalyst formed mainly ethylbenzene and small amounts of unidentified hydrocarbons. These results indicate that Pt/MCM-41 catalyst has high hydrogenating ability for styrene and low hydrocracking activity for ethylbenzene in the HDS of BT. We characterized the noble metal/MCM-41 catalysts to clarify the reasons for the above order of HDS activi ties.
2. C a t a l y t i c P r o p e r t i e s o f N o b l e M e t a l s
Supported on MCM-41 Figure 2 shows the TEM images of noble metal/ MCM-41 catalysts after calcination. The particle size of Rh on MCM-41 was the smallest among the noble metal/MCM-41 catalysts. Large Pt particles as well as many small Pt particles were observed on Pt/MCM-41 catalyst. However, the particle size of Ru on MCM-41 was considerably larger than on other noble metal cata lysts and no small Ru particles were observed in Fig. 2  (d) . Furthermore, a wide distribution of particle sizes Figure 3 shows the XRD patterns of reduced noble metal/MCM-41 catalysts. No diffraction peaks as signed to Rh species were observed on Rh/MCM-41 catalyst. However, large diffraction peaks were ob served on other supported noble metal catalysts, and the intensity of the diffraction peak of Pt was the highest among the noble metal/MCM-41 catalysts, probably due to the large Pt particles as shown in Fig. 2 (a) .
The broad peaks in the XRD pattern of Pd/MCM-41 were due to the non-uniform particle size of Pd as shown in Fig. 2 (c) . These results imply that Rh occurs on MCM-41 as small particles, whereas Pt, Pd and Ru, especially Pt, occur on MCM-41 as large parti cles. These results agreed with the findings of TEM observation as shown in Fig. 2 .
Generally, since hydrogen adsorption on noble metals is remarkably decreased by sulfidation, the dis persion and particle size of noble metal calculated by hydrogen adsorption cannot be accurate. Furthermore, small noble metal particles showed higher sulfur toler ance than large particles 26) . The high activity of noble metal catalyst for the HDS reaction is probably due to the small noble metal particles supported on the carrier. Therefore, we used particle size calculated by hydrogen adsorption as one of the important parameters to evalu ate the HDS activity of supported noble metal catalyst. The hydrogenation activities of noble metal/MCM-41 catalysts were evaluated using the activity for benzene hydrogenation at 300℃. Pt/MCM-41 catalyst showed the highest activity for the hydrogenation of benzene among the noble metal catalysts as shown in Fig. 5 and Table 1 .
The order of the catalytic activities of noble metal/ MCM-41 catalysts for benzene hydrogenation was tivity in benzene hydrogenation, and showed low activity for benzene hydrogenation, so cracking products were only observed as reaction products. Rh and Ru/ MCM-41 catalysts showed higher hydrogenolysis activ ities than other noble metal catalysts, explained by per centage of Pauling d-bond character 37) . The hydroge nation activities of the noble metal/MCM-41 catalysts evaluated by TOF (turnover frequency) are shown in Table 1 . The TOF of supported Pt catalyst for the hydrogenation reaction was remarkably higher than that of other noble metal catalysts. The hydrogenation activities of supported noble metal catalysts after treat ment using 5 vol％ H2S _ H2 mixture gas are shown in Fig. 5 . The catalytic activities of noble metal/ MCM-41, except Pt, for benzene hydrogenation were remarkably decreased by H2S treatment, but that of Pt/ MCM-41 was regenerated with time on stream. Thus, Pt/MCM-41 catalyst has remarkably higher hydrogena tion activity and sulfur tolerance than other noble metal/ MCM-41 catalysts. Therefore, high hydrogenation activity and sulfur tolerance are important factors to prepare highly active Pt/MCM-41 catalyst for BT HDS. Therefore, the Pt/MCM-41 catalyst was investigated in detail.
Effect of Pt Precursor on Catalytic Properties of Pt/MCM-41 for HDS of BT
The Pt/MCM-41 catalyst showed the highest activity for HDS of BT among the supported noble metal cata lysts, and this activity was higher than that of the com mercial CoMo/Al2O3 catalyst. Therefore, the effect of Pt precursors on the HDS activity of Pt/MCM-41 was examined in detail to identify the causes of the high activity of Pt/MCM-41 catalyst for HDS of BT. Table 2 shows the effect of Pt precursor on HDS activity and dispersion of Pt on Pt/MCM-41 catalyst. The HDS activities of the Pt/MCM-41 catalysts were remarkably changed with type of Pt precursor as fol lows: H2PtCl6･6H2O≫(NH4)2PtCl6＞K2PtCl6. On the other hand, the order of the Pt dispersion was as fol lows; H2PtCl6･6H2O＞K2PtCl6 ≈ (NH4)2PtCl6. The Table 3 . Thus, the HDS activity and properties of Pt/MCM-41 catalyst were compared with those of Pt/ SiO2 catalyst to discover why the Pt/MCM-41 catalyst showed high HDS activity. Figure 6 shows the HDS of BT over Pt supported on MCM-41 and SiO2 at 350℃. The Pt/MCM-41 catalyst showed remarkably higher activity than Pt/SiO2 catalyst for the HDS of BT and the activity of Pt/SiO2 catalyst decreased with time on stream. Furthermore, the benzene hydrogenation activity of Pt/MCM-41 catalyst was remarkably higher than that of Pt/SiO2 catalyst as shown in Fig. 7 .
Significant deactivation was observed in Pt/SiO2 cata lyst. This support contains a small amount of Al2O3 (ca. 1 wt％) as an impurity. Since this reaction was carried out at high temperature (300℃), the de activation may be explained by coke formation on the impurity Al contained in the SiO2 support. The hydro genation activity of Pt/SiO2 catalyst was remarkably decreased after H2S treatment. The hydrogenation activity of Pt/MCM-41 catalyst was also decreased by H2S treatment, but the activity was regenerated with time on stream. This indicates that Pt/MCM-41 cata lyst has higher sulfur tolerance than Pt/SiO2 catalyst. Generally, the sulfur tolerance of noble metal is attributed to the electron deficiency of noble metal by acid sites 23)～26) . The 2-PA molecule is dehydrated to propylene at acid sites of catalyst surface. Therefore, we evaluated the acidity of the support by 2-PA de hydration. Figure 8 shows the catalytic activities of MCM-41 and SiO2 for 2-PA dehydration at 300℃. The dehydration activity of MCM-41 was remarkably higher than that of SiO2. This result indicates that MCM-41 has higher acidity than SiO2. Two reaction routes are possible for benzene hydrogenation in the presence of organic sulfur compounds over sulfur toler ant Pt/zeolite catalysts 27)～29) . Benzene is hydrogenated into cyclohexane on the Pt particle and/or the Brønsted acid site. In benzene hydrogenation without organic sulfur compounds, the acid site would act as the active site. Since the acidity of MCM-41 was higher than that of SiO2, Pt/MCM-41 catalyst showed both higher hydrogenation activity and sulfur tolerance than Pt/ SiO2. Thus, the high acidity and hydrogenation activity after catalyst poisoning by sulfur are important factors in the high HDS activity of Pt/MCM-41 catalyst. Furthermore, the stable activity of Pt/MCM-41 for HDS of BT was possible because of the high sulfur tolerance.
4. 2. Interaction between Support and BT
We previously reported 16)～21),30) that acid sites of the support interact with the TP molecule. Therefore, the strength of interaction between the support and BT is expected to change with the acidity of the support. We examined the effect of acidity on the strength of interaction between the support and BT by FT-IR.
The background spectra of MCM-41 evacuated at 500℃ for 2 h contained the silanol group signal at 3745 cm -1 as shown in spectrum (i) in Fig. 9 (a) . After introduction of 0.07 kPa of BT onto MCM-41 at _ -1 25℃, the absorption band of Si OH at 3745 cm decreased considerably and a large and broad peak appeared at 3600 cm -1 , which was assigned to the silanol groups interacting with the BT molecules. Furthermore, the peak at 3600 cm -1 persisted even after evacuation at 25℃ for 0.5 h. On the other hand, the decreased absorbance of silanol groups was not com pletely regenerated by evacuation at 150℃, with a (i) After evacuation at 500℃ for 2 h, (ii) in the presence of benzo thiophene (0.07 kPa) at 25℃, (iii) after evacuation at 25℃ for 0.5 h, (iv) after evacuation at 150℃ for 0.5 h. small shoulder peak at around 3600 cm -1 .
The background spectra of SiO2 evacuated at 500℃ for 2 h contained the silanol group signal at 3745 cm -1 as shown in spectrum (i) in Fig. 9 (b) . After intro duction of 0.07 kPa of BT onto SiO2 at 25℃, the ab sorption band at 3745 cm -1 decreased and shifted to around 3600 cm -1 as shown in spectrum (ii) in Fig. 9  (b) . The decreased absorbance of the silanol group was completely regenerated by the evacuation at 25℃, with no shoulder peak at around 3600 cm -1 as shown in spectrum (iii) in Fig. 9 (b) . We previously found that the acidity of Al2O3 _ modified MCM-41 (Al2O3 _ MCM-41) _ was higher than that of Al incorporated MCM-41 (AlMCM-41), so the strength of interaction between _ Al2O3 MCM-41 and TP was stronger than that of AlMCM-41 19) . These results indicate that the inter action between BT and MCM-41 with acid sites is stronger than that with SiO2 without acid sites. Furthermore, we observed that the shoulder peak at around 3600cm -1 in the spectrum of TP adsorbed on MCM-41 was completely regenerated by evacuation at 25℃ 19) . Thus, BT interacted more strongly with MCM-41 than TP. Figure 10 shows the FT-IR spectra of BT adsorbed on Pt/MCM-41 after reduction at 450℃ ( Fig. 10 (a) ). The spectra were similar to those of MCM-41. Furthermore, the bands of BT adsorbed on Pt/MCM-41 occurred at 1592, 1497, 1456, 1422, 1343 and 1313, which were attributed to vibration of the aromatic ring. After evacuation at 150℃ for 0.5 h, these bands were not observed as shown in spectrum (iv) in Fig. 10 (b) .
These results indicate that BT interacts with the silanol group on the MCM-41 surface rather than the Pt sur face.
• Pt/MCM-41, ▲ CoMo/Al 2 O 3 . 
4. Active Sites in Pt/MCM-41 Catalyst for HDS of BT
We examined the effect of H2/BT ratio on the HDS activity of Pt/MCM-41 catalyst. Figure 11 shows the effect of H2/BT ratio on the pseudo first order HDS rates of Pt/MCM-41 and CoMo/Al2O3 catalysts. The HDS rate constant was enhanced with increasing H2/BT ratio on Pt/MCM-41 catalyst. In addition, the HDS rate constant of Pt/MCM-41 was higher than that of CoMo/Al2O3 catalyst at any H2/BT ratio. This indi cates that the HDS rate constant of Pt/MCM-41 catalyst is significantly dependent on the H2/BT ratio compared with that of CoMo/Al2O3. Furthermore, Pt/MCM-41 catalyst with high hydrogenation activity showed remarkably higher HDS activity and sulfur tolerance than other noble metal/MCM-41 catalysts as shown in 38) . Thus, in the monofunctional route, coordinatively unsaturated sites of sulfided Pt particle act as active sites for HDS of BT over Pt/MCM-41 catalyst. In the bifunctional route, TP is adsorbed on the Brønsted acid sites of the support and the spillover hydrogen formed on the metallic Pt p a r t i c l e a t t a c k s t h e T P m o l e c u l e o n t h e a c i d site 19 ),21),34), 35) . In the present study, the acidity of the support remarkably affected the activity of supported Pt catalysts for the HDS of BT as described in section 3. 4. 1. The interaction between the BT molecule and acidic MCM-41 was stronger than that of non-acidic SiO2 as shown in Fig. 9 . Therefore, both the Pt parti cles and acid sites of the Pt/MCM-41 catalyst also act as active sites in the HDS of BT as well as HDS of TP over highly active Pt/HZSM-5 30), 31) , Pt/Al2O3 _ modified SiO2 (Al2O3 SiO2) 34) , Pt/Al2O3 modified MCM-41 (Al2O3 _ MCM-41) 18), 19) and Pt/AlSBA-15 20),21) catalysts as shown in Fig. 12 . Furthermore, the acid site is important for high HDS activity not only as the hydroge nolysis site of BT in the HDS reaction but also for enhancement of sulfur tolerance of the noble metal par ticles.
According to the bifunctional route, the low HDS activity of Pt/MCM-41 catalyst prepared from K2PtCl6 can be explained as follows. We evaluated the HDS 49 activities of various Pt/MCM-41 catalysts by turnover frequency (TOF) calculated from Pt dispersion. The TOF of Pt/MCM-41 catalyst prepared from (NH4)2PtCl6 was 2 times higher than that prepared from K2PtCl6 as shown in Table 2 . This indicates that the low TOF of Pt/MCM-41 catalyst prepared from K2PtCl6 was due to the decrease in acid sites acting as active sites for the HDS of BT in the presence of potassium ion (K ＋ ). The amount of spillover hydrogen over supported Pt catalysts was related to the number of hydroxyl groups on the support surface 36) . Furthermore, the spillover hydrogen was trapped by alkali metal ions 13), 15) . That is, the hydrogenation activity is decreased in the pres ence of alkali metal ion. Therefore, the low HDS activity of Pt/MCM-41 catalyst prepared from K2PtCl6 can be attributed to decreased hydrogenation activity of Pt and acidity of MCM-41. These results indicate that high hydrogenating activity to form spillover hydrogen and acidity are important factors in the formulation of highly active supported Pt catalyst for the HDS reac tion.
Conclusion
The Pt/MCM-41 catalyst showed high and stable activity for the HDS of BT, and this activity was the highest among the noble metal/MCM-41 catalysts. The characterization results revealed that hydrogena tion activity and acidity of the support strongly affects the HDS activity of supported Pt catalyst. Both Pt particles and acid sites on highly active Pt/MCM-41 catalyst act as active sites for the HDS reaction. 
